The putative core protein of hepatitis C virus (HCV) regulates cellular growth and a number of cellular promoters. To further understand its effect, we investigated the role of the core protein in the endogenous regulation of two distinct transcription factors, nuclear factor-B (NF-B) and activating protein-1 (AP-1), and the related mitogen-activated protein kinase kinase (MAPKK) and c-Jun N-terminal kinase (JNK). Stable cell transfectants expressing the HCV core protein suppressed tumor necrosis factor (TNF)-induced NF-B activation. Supershift analysis revealed that NF-B consists of p50 and p65 subunits. This correlated with inhibition of the degradation of IB␣, the inhibitory subunit of NF-B. The effect was not specific to TNF, as suppression in core protein-expressing cells was also observed in response to a number of other inflammatory agents known to activate NF-B. In contrast to the effect on NF-B, the HCV core protein constitutively activated AP-1, which correlated with the activation of JNK and MAPKK, which are known to regulate AP-1. These observations indicated that the core protein targets transcription factors known to be involved in the regulation of inflammatory responses and the immune system.
Hepatitis C virus (HCV) is a major causative agent of the development of acute and chronic hepatitis, which often leads to liver cirrhosis and hepatocellular carcinoma (46) . Although humoral and cellular immune responses to HCV have been detected, a proper understanding of viral persistence is lacking. Viral infection may often induce defense responses in host cells, and many viruses, in turn, encode proteins which inhibit this defense mechanism (53) . These alterations in cell survival contribute to the pathogenesis of a number of human diseases, including viral oncogenesis (44) .
HCV contains a single-stranded positive-sense RNA genome which encodes a precursor polypeptide of approximately 3,000 amino acids. This precursor polypeptide is cleaved by both viral and host proteases into its functional units, i.e. at least 10 individual proteins: core, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B. The diverse functional activities of the HCV putative core protein have already been noted by a number of investigators. These include nucleocytoplasmic localization (reviewed in reference 55), the regulation of cellular and unrelated viral promoters in in vitro studies (36, 39, 41, 49) , inhibition of apoptosis under certain conditions (38) , a physical association with apolipoprotein II (3) and with the cytoplasmic tail of the lymphotoxin ␤-receptor (9, 32) , and the promotion of normal cells to a transformed phenotype (7, 37) . Furthermore, mutations and truncations in the genomic region encoding the HCV core protein have been observed and implicated in hepatocellular carcinogenesis in infected humans (45, 50, 56) .
Tumor necrosis factor (TNF) is a major inflammatory cytokine secreted primarily by activated macrophages and T lymphocytes in response to viral infections, which may inhibit viral replication or induce apoptosis, and some viruses have evolved strategies to block the antiviral effect of TNF (4, 5, 12, 21) . This proinflammatory cytokine binds to receptors to initiate intracellular signaling cascades leading to apoptosis. Cells respond to the cytokine by selectively expressing a wide range of genes. TNF is known to activate both the nuclear factor-B (NF-B)-and activating protein-1 (AP-1)-specific recognition sequences present in the promoters of a large number of genes known to be involved in inflammation control and immune regulation (2, 13, 22, 29, 35, 54) . The activation of NF-B requires phosphorylation, ubiquitination, and degradation of IB␣, which occurs through the activation of a family of kinases (1, 2) . The activation of AP-1 occurs through the c-Jun N-terminal kinase (JNK) (35) . A number of transcription factors are activated through phosphorylation by signal-responsive protein kinases (22) . Phosphorylation can affect DNA binding activity, transcriptional activity, and subcellular localization of transcription factors. Several studies indicate that c-Jun is a component of dimeric-sequence-specific activator protein AP-1. JNK mediates phosphorylation of c-Jun at the N terminus for transcriptional activity (15) , whereas another mitogen-activated protein kinase (MAPK), ERK41/42, leads to phosphorylation and activation of the Elk-1 transcription factor required for transcriptional activation of Fos (15, 31) . The activity of MAPK, ERK1 and ERK2 is rapidly stimulated by activation of the dualspecificity protein kinase MAPKK (11) , which phosphorylates ERK1 and ERK2.
We have recently reported that the HCV core protein inhibits TNF-mediated apoptosis by using sensitive human breast carcinoma MCF-7 cells as a model system (40) . In the present study, we investigated the role of the HCV core protein in the regulation of cellular transcription factors. The results suggested that the HCV core protein differentially regulates NF-B and AP-1, thereby affecting the signaling cascades involved in cell growth regulation.
MATERIALS AND METHODS

Cell lines.
A pool of MCF-7 cells transfected with the HCV core gene, three individual clones derived from the transfectants, and vector-transfected MCF-7 cells (control) were used. Characterization of the cells has been recently de-scribed (40) . The cells were routinely grown in Dulbecco modified Eagle medium supplemented with 10% heat-inactivated fetal bovine serum and antibiotics.
EMSA. The electrophoretic mobility shift assay (EMSA) was carried out by folloiwng the standard procedure (8, 48) . Briefly, nuclear extracts were prepared from 2 ϫ 10 6 cells following treatment with the indicated reagent(s) and used immediately or stored at Ϫ70°C. Reactions were performed by incubation of 4 g of the nuclear extracts with 8 fmol of a 32 P-end-labeled 45-mer doublestranded NF-B oligonucleotide from the human immunodeficiency virus long terminal repeat (5Ј-TTGTTACAAGGGACTTTCCGCTGGGGACTTTCCAGG GAGGCGTGG-3Ј [underlined sequences represent the NF-B binding site]) for 15 min at 37°C. The incubation mixture contained 2 to 3 g of poly(dI-dC) in a binding buffer (25 mM HEPES [pH 7.9], 0.5 mM EDTA, 0.5 mM dithiothreitol [DTT], 1% Nonidet P-40 , 5% glycerol, 50 mM NaCl). The DNA-protein complex was separated from the free oligonucleotide by electrophoresis on a 5% native polyacrylamide gel using buffer containing 50 mM Tris, 200 mM glycine (pH 8.5), and 1 mM EDTA and detected by autoradiography.
The specificity of binding was analyzed by competition with the unlabeled oligonucleotide and an oligonucleotide with a mutated NF-B binding site in a supershift assay. Nuclear extracts were incubated with an antibody to either the p50 or the p65 subunit of NF-B for 30 min at 37°C and then subjected to an EMSA. An antibody to cyclin D1 or c-Rel (Santa Cruz Biotechnology, Inc.) was included as the negative control. The EMSA for AP-1 was performed as described for NF-B, by using 32 P-end-labeled double-stranded oligonucleotides. Specificity of binding was determined by using an excess of the unlabeled oligonucleotide for competition as described earlier (51) . The radioactive intensity of bands was analyzed by a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.).
Western blotting. IB␣ was analyzed by Western blot analysis as described previously (42) . Briefly, the cytoplasmic extracts from treated cells were resolved on a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel, transferred to nitrocellulose filters, probed with a rabbit polyclonal antibody to IB␣ (Santa Cruz Biotechnology), and detected by chemiluminescence (ECL; Amersham).
JNK assay. The JNK assay was performed by using a method similar to one described earlier (27) . Briefly, cells (3 ϫ 10 6 ) were treated with TNF (Genentech, Inc.) for different times, lysed in a buffer containing 20 mM HEPES (pH 7.4), 2 mM EDTA, 250 mM NaCl, 1% NP-40, 2-g/ml leupeptin, 2-g/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride, 0.5-g/ml benzamidine, and 1 mM DTT. Cell extracts (150 to 250 g/sample) were subjected to immunoprecipitation with 0. MAPK assay. MCF-7 cells were stimulated with different concentrations of TNF. After incubation for 30 min at 37°C, cells were washed with Dulbecco's phosphate-buffered saline and lysed with 20 mM HEPES (pH 7.4)-2 mM EDTA-250 mM NaCl-0.1% NP-40-2-g/ml leupeptin-2-g/ml aprotinin-1 mM phenylmethylsulfonyl fluoride-0.5%-g/ml benzamidine-1 mM DTT-1 mM sodium orthovanadate. The protein concentration in the supernatant was determined, and the proteins were resolved by SDS-10% polyacrylamide gel electrophoresis. After electrophoresis, the proteins were transferred onto nitrocellulose and probed with the antibody to p44/42 MAPK (Thr 202/Tyr 204; New England Biolabs, Inc.). The membrane was incubated with peroxidase-conjugated antirabbit immunoglobulin G, and the bands were detected by chemiluminescence (ECL; Amersham).
In vitro assay for regulation of AP-1. HepG2 cells were plated at a density of 5 ϫ 10 5 in a 60-mm-diameter plate in minimal essential medium containing 10% fetal bovine serum and antibiotics. Cells were cotransfected with 0.5 g of the reporter plasmid (phARE-CAT, having the AP-1 binding site, or phARE-Ap-1, with a mutant AP-1 binding site [25] ) and the effector plasmid (pHCV-core) by using the standard Lipofectamine method (Life Technologies). The total amount of the expression vector was adjusted to 2.5 g with an appropriate amount of empty expression vector. The cells were harvested after 48 h of transfection, and cytoplasmic extracts were prepared by three cycles of freezing and thawing. Cytoplasmic extracts were analyzed for chloramphenicol acetyltransferase (CAT) activity by thin-layer chromatography. The acetylated [
14 C]chloramphenicol was quantitated by measuring the radioactivity with a PhosphorImager (Molecular Dynamics). ␤-Galactosidase activity was measured as an internal control for transfection.
RESULTS
Suppression of TNF-mediated NF-B activation in HCV core protein-expressing cells. Empty-vector-transfected control and cloned HCV core plasmid DNA-transfected MCF-7 cells were stimulated with a predetermined optimum dose of TNF (100 pM) for different times at 37°C, and NF-B activation was determined by EMSA. TNF activated NF-B 5.8-fold within 60 min in control cells, compared to a 1.6-fold increase in core DNA-transfected cells (Fig. 1A and B) . These results suggested that the HCV core protein represses TNF-mediated NF-B activation. We also examined three different clones of HCV core DNA-transfected MCF-7 cells. All of these clones exhibited reduced NF-B activation compared to the control cells under identical conditions (data not shown). NF-B is a family of proteins, and various combinations of Rel/NF-B protein constitute an active NF-B heterodimer which binds to a specific sequence of DNA (3). We ascertained the authenticity of the NF-B band following incubation of the nuclear extracts with antibodies to the p50 (NF-B1) or p65 (RelA) subunit by EMSA. Antibodies to either of the subunits shifted the band to a higher molecular weight (Fig. 2) . On the other hand, antibodies to c-Rel or unrelated antibodies did not shift the NF-B band, suggesting that the TNF-activated complex consists of the p50 and p65 subunits. The disappearance of the NF-B band with the unlabeled oligonucleotide further revealed the specificity of the NF-B band. Mutation of the NF-B binding site in the oligonucleotide failed to bind the target sequence and exhibited the specificity of the target protein (data not shown). mechanisms (34) . To examine whether the HCV core protein affects the NF-B activation induced by these agents, cells were treated with an optimal dose of the inducers and analyzed for NF-B activation. Core protein-expressing cells significantly blocked the activation of NF-B induced by these agents (Fig. 3) . The results from this set of experiments suggested that the core protein has a suppressor effect on NF-B activation and is likely to act at or following a step at which all of these agents converge in the signal transduction pathway leading to NF-B activation. Inhibition of TNF-dependent degradation of IB␣ in HCV core protein-expressing cells. The translocation of NF-B to the nucleus is preceded by the phosphorylation and proteolytic degradation of IB␣ (52) . To determine whether core protein expression affects IB␣ degradation, the kinetics of TNF-induced IB degradation in HCV core DNA-transfected cells was studied. TNF treatment of control cells produced disappearance of IB␣ within 10 to 15 min, and IB␣ reappeared at around 30 min (Fig. 4) . A faster rate of IB␣ degradation is expected in the absence of a protein synthesis inhibitor. Because cycloheximide is known to activate NF-B by itself, we examined the rate of degradation of NF-B in the absence of this agent (Fig. 1) . However, the disappearance of the IB␣ protein was not observed in HCV core DNA-transfected cells. Thus, our results clearly show that the HCV core decreases the TNF-induced IB␣ degradation which may account for inhibition of NF-B activation. As TNF treatment leads to serine phosphorylation of IB␣, which is necessary for its ubiquitination and degradation, it is possible that the HCV core alters some of the phosphorylation events involved in IB␣ and NF-B activation.
Activation of AP-1 in HCV core protein-expressing cells. TNF is known to activate transcription factor AP-1. We therefore investigated the role of the HCV core protein in a AP-1 activation mediated by a predetermined optimum dose of TNF (100 pM) in MCF-7 cells. In a time course experiment, AP-1 activation in the control cells was noted within 30 min and reached a maximum by 2 h (Fig. 5A) . The disappearance of the band in an EMSA using an unlabeled oligonucleotide further suggested the specificity of AP-1 activation. On the other hand, activation of AP-1 had achieved its optimum in the presence of the HCV core prior to exposure to TNF, and prolonged exposure to TNF was unable to enhance AP-1 activation in cells (Fig. 5B) . To determine whether AP-1 activation is cell type specific, HeLa and NIH 3T3 cells expressing the HCV core protein were also analyzed similarly for AP-1 activation. Vector-transfected cells were included in the experiment as a control. Results from this study further suggested that core protein-expressing cells have increased AP-1 activity compared to control cells (Fig. 6) .
To determine whether the HCV core protein affects AP-1-dependent gene transcription, cells were transfected with a plasmid containing a human antioxidant response element (hARE) having an AP-1 binding site linked to a CAT gene. A dose-dependent increase in CAT activity was observed with HCV core expression (Fig. 7) . On the other hand, the core protein did not induce CAT activity on pmut-phARE, having a mutant AP-1 binding site, in a similar assay. The results from this study suggested that the core protein has an augmenting effect on AP-1-dependent gene transcription, and this corroborated the DNA binding results.
Activation of JNK in HCV core-expressing cells. Since TNF activates JNK (17) times, and activation of JNK was examined (Fig. 8 ). An increase in JNK activity was detected in control MCF-7 cells 10 to 15 min after the introduction of TNF. On the other hand, HCV core DNA-transfected cells had a high basal c-Jun kinase activity which remained unchanged upon TNF treatment. The results indicated that the HCV core protein induces the activation of JNK. The high basal JNK activity observed in core DNA-transfected cells may account for the similar AP-1 basal activity in these cells.
MAPKK activity in HCV core-expressing cells. MAPKK is an upstream effector of JNK activation. Defective MAPKK activity may manifest itself downstream as a defect in JNK and AP-1 function. MAPKK activity, known to be induced by TNF, was investigated in HCV core protein-expressing cells. Control and experimental cells were stimulated with TNF (100 pM) for different times, and phosphorylated MAPK was examined by Western blot analysis. Enhanced phosphorylation was detected within 30 and 60 min of TNF treatment (data not shown). Subsequently, control and HCV core DNA-transfected cells were treated with 0.1 and 1 nM TNF for 30 min, and the phosphorylated MAPK was analyzed by Western blot analysis (Fig. 9) . In control MCF-7 cells, activation of MAPKK occurred at 0.1 nM TNF, but cells transfected with HCV core DNA had a high basal activity and did not further activate MAPKK following treatment with TNF.
DISCUSSION
In this study, we investigated whether stable expression of the HCV core protein in mammalian cells has an effect on the regulation of transcription factors with or without the induction of TNF. The results indicated the status of NF-B, AP-1, the protein kinase JNK, and MAPKK in relation to the HCV core protein. Suppression of NF-B in HCV core-expressing cells was observed following treatment with TNF, PMA, OA, and H 2 O 2 . These agents activate NF-B through steps which are overlapping and nonoverlapping. The exact pathway required to activate NF-B is not fully understood. Our results, however, suggest that the HCV core must act at a step common to all of these inducers of NF-B. Besides the NF-B inducers tested in this study, there are several other agents known to activate NF-B. Thus, whether the HCV core is a generalized inhibitor of NF-B activation remains to be established. The results that we obtained by ectopic expression of the HCV core protein are the first to demonstrate endogenous regulation of cellular genes.
The mechanism of NF-B suppression and AP-1 activation in HCV core-expressing cells is not known. Generation of superoxide radicals is common to most inducers of NF-B. Overexpression of the antioxidative enzymes thioredoxin, manganese superoxide dismutase, and catalases impairs NF-B activity (30, 47) . High-level manganese superoxide dismutase expression in adenovirus E1B19K-expressing cells has been implicated in NF-B-inhibiting activity (18, 26) . Like the HCV core, the thiol antioxidants pyrrolidine dithiocarbamate and N-acetyl-L-cysteine activate AP-1 and suppress TNF-mediated induction of NF-B (34) . Wether activation of AP-1 and suppression of NF-B by the HCV core are linked to activation of the MAPK pathway is not clear. Similar to the HCV core, however, antioxidants have also been shown to activate AP-1 and suppress NF-B (34) . This suggests that the HCV core produces its effects by acting as an antioxidant.
NF-B is one of the major components induced by TNF-␣, and its role in the signalling of TNF-induced cell death remains controversial (19) . Although NF-B appears to stimulate the expression of specific protective genes, neither the identities of these genes nor their precise roles as inhibitors of the apopto- tic process are known (10) . A number of recent studies have suggested that the inhibition of NF-B does not alter TNFinduced apoptosis (6, 16, 18, 19, 43) . In core DNA-transfected MCF-7 cells, NF-B and AP-1 appear to have different requirements for activation and AP-1 activity is regulated positively by the core protein. This study extended our previous observations that the HCV core protein enhances or suppresses the transcription of various viral and cellular genes by using transfected reporter constructs (36, 39, 41) . Taken together, these observations suggest an involvement of the HCV core protein and the common transcription factor(s) leading to diverse gene regulatory effects, which merits further investigations.
The activity of AP-1 is elevated in response to a large number of environmental stimuli. The increase in basal AP-1 activity suggests that the core protein promotes cellular proliferation for the maintenance of replication and survival (17, 24) . This is further supported by the observed enhancement of the basal activity of JNK and MAPKK in core-expressing cells. The effect of the HCV core on AP-1 transcriptional activity may result, in part, from the enhanced phosphorylation of the c-Jun NH 2 -terminal activation domain, as well as from the induction of Fos and Jun gene transcription. Together with NF-B, AP-1 is likely to mediate the induction of other cytokines and immunoregulatory molecules by TNF, leading to a variety of inflammatory responses (27) . To determine whether results obtained with MCF-7 cells are applicable to cells of hepatic origin, some of the studies were also performed with HepG2 cells, and the results were comparable. Future studies with other mammalian cell lines, especially primary hepatocytes, should further clarify the importance of these results.
The HCV core protein does not appear to induce a strong cytotoxic T-lymphocyte response. Even after multiple immunizations, Ͻ10% (spontaneous) lysis of unprimed mouse splenocytes and Ͻ30% specific lysis of in vitro-stimulated mouse splenocytes occurred (14, 23, 28) . HCV infection is likely to induce a selective defect in antigen-presenting cells, which may enhance the ability of HCV to establish a persistent infection. Indeed, expression of TNF and interleukin-1 requires NF-B activation, and both of these cytokines are suppressed in cells of HCV-infected humans (20, 33) . HCV often causes persistent infection and silent disease which may lead to hepatocellular carcinoma. A recent study demonstrated a defective HCV genome comprising the major virus population of the ascitic fluid from a patient with hepatocellular carcinoma (56) . In the genome, deletions and frame shifts were suggested to terminate the open reading frame and produce a truncated viral core protein. In persistently infected cells, arising defective virus particles could express a subset of the viral gene, or the continued presence of the viral core protein would likely have a detrimental effect on cellular genes. It is appealing to speculate that suppression of NF-B in TNF-induced cells and endogenous activation of AP-1 may have a profound negative effect on the appropriate immune regulation and the normal function of HCV core-expressing cells.
